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1 1. INTRODUCTION
The interest in Jahn–Teller magnetic oxides is
increasing due to a number of specific effects that can
be simultaneously observed in these crystals, including
colossal magnetoresistance and numerous structural
and magnetic phase transitions driven by temperature,
magnetic and electric fields, and pressure. The
unusual properties of these compounds are deter
mined by the strong mutual relationship of crystalline,
charge, orbital, and magnetic structures. In recent
years, extensive research has also been devoted to mul
tiferroelectric compounds in which magnetic order
coexists with spontaneous polarization.
Bismuth manganite BiMnO3 has been treated in
many investigations as a multiferroelectric compound
[1–6]. However, the results of recent experiments [7,
8] have shown that this ferromagnetic crystal belongs
to the C2/c symmetry group, which excludes the exist
ence of spontaneous polarization [5–9]. External fac
tors (temperature, pressure) can alter the magnetic
structure of BiMnO3 crystals so as to stabilize antifer
romagnetism [8, 9]. The nonstoichiometry of a crystal
with respect to oxygen also strongly influences the
crystalline and magnetic structures: an increase in the
amount of oxygen ions leads to a change in the mag
netic order from ferro to antiferromagnetic [10].
It has been suggested that bismuth manganite, sim
ilar to many rareearth manganites, possesses an
orbital structure, competitive exchange interactions,
and the related magnetic frustration [5–8]. The
present work was aimed at studying the effect of orbital
ordering on the magnetic structure of BiMnO3 in the
presence of competitive exchange interactions.
1 The article is based on a preliminary report delivered at the 36th
Conference on LowTemperature Physics (St. Petersburg,
July 2–6, 2012).
2. CRYSTALLINE AND ORBITAL 
STRUCTURES OF BiMnO3
According to experimental data [7, 8], the crystalline
lattice of bismuth manganite belongs to the C2/c sym
metry group. In this monoclinic group, the vectors of the
main lattice periods are not mutually orthogonal. Exper
imental data [8] are summarized in Tables 1 and 2.
The crystalline lattice of BiMnO3 is a distorted per
ovskite structure, in which Mn3+ ion in a octahedral
environment has an orbitally degenerate 5E ground state.
In this case, the orbital degeneracy can be removed due
to the Jahn–Teller effect [10]. The existence of an orbital
structure in BiMnO3 crystals was theoretically predicted
[5–8]. The groundstate wavefunction on each manga
nese ion has the following form [11]:
(1)
where  and  are the eigenfunctions and Φn is
the angle that characterizes the mixing of eigenfunc
tions of the 5E ground state of the nth ion of trivalent
manganese.
The orbital structure will be described using a
model of electronvibrational (vibronic) interactions
as described by the following Hamiltonian [12, 13]:
(2)
Let us consider partial contributions stipulated by this
model. The main linear contribution from the near
estneighbor oxygen environment of manganese ion
can be written as
(3)
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where
are the matrices of orbital operators constructed using
the  and  functions of the nth Mn3+ ion; Qθn
and Qεn are the symmetrized coordinates of eg type dis
tortions of the nearestneighbor oxygen environment
of the nth Mn3+ ion; and Ve = –1.29 eV/Å is the linear
vibronic interaction constant determined in [14].
However, if strong distortions of the crystalline lat
tice of bismuth manganite are taken into account, lin
ear contribution (3) may be insufficient to adequately
describe the orbital structure. The strong influence on
mixing angle Φn of the wavefunctions can be produced
by interactions of some other types. According to [12,
13, 15], these are (i) interaction with nearest neighbors
in the octahedral environment of higher orders:
(4)
where Qθn, Qεn are the symmetrized coordinates of eg
type distortions of the nearestneighbor oxygen envi
ronment of the nth Mn3+ ion and Qxn, Qyn, Qzn are the
symmetrized coordinates of t1g type distortions of the
Xθn
1– 0
0 1⎝ ⎠
⎜ ⎟
⎛ ⎞
, Xεn
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+ Ne Qεn
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n
∑
nearestneighbor oxygen environment of the nth
Mn3+ ion; and (ii) interaction with nexttonearest
neighbors (Bi3+ ions) of the nth Mn3+ ion:
(5)
where ,  are the symmetrized coordinates of eg
type distortions of the nexttonearest neighbor envi
ronment (Bi3+ ion sublattice) of the nth Mn3+ ion.
The constants of these additional exchange interac
tions (Vb, Ne, ) have not been estimated, but their
possible influence on the orbital and magnetic states of
the crystal can be considered. Table 3 presents data for
the symmetrized distortions of the environment of man
ganese ions as calculated from experimental data [8]. As
can be seen, t1g type distortions are comparable with
(or even greater than) eg type distortions and, hence,
must also be taken into account in the adopted model.
Thus, it is possible to describe the mixing of
groundstate wavefunctions (1) either in an approxi
mation of linear vibronic interaction with nearest
neighbors using Φn angles (with subscript n enumerat
ing manganese ions) determined from the relations
(6)
or in an approximation admitting a greater number of
interactions (2)–(5) using the  angles determined
from the relations
(7)
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Table 2. Coordinates (expressed in fractions of lattice
parameters) of ions in BiMnO3 lattice belonging to C2/c
symmetry group
Ion x y z
Bi (4f) 0.1375 0.2114 0.1269
Mn1 (2e) 0.0 0.219 0.75
Mn2 (2d) 0.25 0.25 0.5
O1 (4f) 0.097 0.173 0.578
O2 (4f) 0.145 0.568 0.366
O3 (4f) 0.356 0.547 0.166
Table 3. Symmetrized distortions of nearestneighbor oxygen environment of Mn3+ ions
Ion Qε, Å Qθ, Å Qx, Å Qy, Å Qz, Å , Å , Å
Position 1 Mn1 0.27 –0.14 0.13 0.14 0.39 –0.107 0.12
Position 1 Mn2 0.27 –0.15 0.13 0.13 0.19 –0.107 0.12
Position 2 Mn3 –0.37 –0.16 –0.05 –0.63 –0.39 –0.04 0.25
Position 2 Mn4 –0.06 0.41 0.12 0.08 0.00 –0.04 0.25
Qθ
R
Qε
R
Table 1. Parameters of crystalline lattice of BiMnO3
a, Å b, Å c, Å α β γ
9.5473 5.6167 9.8699 90° 110° 90°
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Figure 1 shows the results of modeling the orbital
structure of BiMnO3 with allowance for linear contri
bution (3). The quantitative characteristics are pre
sented in Table 4, from which it is seen that the maxi
mum influence of the nonlinear contribution from eg
ρ˜n Q˜θn
2
Q˜εn
2
+ .=
type distortions of the nearestneighbor environment
and the linear contribution from the nexttonearest
neighbor environment is manifested in the orbital state
of Mn3+ ions in position 2. At the same time, the
orbital state of ions in position 1 is subject to a small
influence of the distortions of all types.
3. MAGNETIC INTERACTIONS IN BiMnO3
The type of magnetic structure (ferromagnetic vs.
antiferromagnetic) of bismuth manganite can be
modeled using the Hamiltonian of superexchange
interaction:
(8)
Let us consider the superexchange interaction
between nearestneighbor Mn3+ ions, which depends
on orbital states of interacting ions. In contrast to the
case of rareearth manganites [11], the orbital states of
magnetic neighbors differ in both sign and magnitude.
Then, the orbital dependence of the constants of
superexchange interaction is as follows:
(9)
where J0 = 1.69 × 104 K Å10, α = 1.0, β = 4.5 [11], Φi
is the angle of mixing of eigenfunctions of the orbital
ground state of Mn3+ ion with wavefunction (1), rlm is
the average distance in the interacting Mn–O pair (lth
and mth ions), ϕlm is the Mn–O–Mn bond angle (with
values taken from experimental data [8]), and x, y, z
are the orientations of pseudoperovskite lattice axes
(directed approximately along the bonds between
nearestneighbor manganese ions). Table 5 presents
the values of exchange interaction constants calcu
lated using the data from Table 4. The mutual arrange
ment of ferromagnetic and antiferromagnetic links in
the adopted model structure is shown in Fig. 2.
The pattern of mutual arrangement of ferromag
netic and antiferromagnetic links (with exchange
interaction signs according to the Goodenough–Kan
Hex Jlm Sl Sm⋅( ).
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Fig. 1. Orbital structure of BiMnO3 representing manga
nese ions as electron densities and oxygen ions as spheres
(for clarity, bismuth ions are omitted and octahedra axes
are depicted as mutually orthogonal); numerals 1–4 indi
cate manganese ions with different orbital states.
Table 4. Mixing angles of orbital states of bismuth manganite
Mn3+ ion
(see Fig. 1) Φn
1 119.1° ≈120°
2 119.7° ≈120°
3 –112.9° ≈–(105–116)°
4 –7.9° ≈–(3–18)°
Φn*
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amori rules), which could be determined using the
known crystalline structure [7, 8], allowed the authors
of earlier investigations [1, 7, 8] to judge the existence
of competition between exchange interactions and
conclude that ferromagnetism is dominant. This con
clusion was consistent with experimental data [7, 8]
for the magnetic structure. Indeed, each manganese
ion has four ferromagnetic and two antiferromagnetic
links with the same order of interaction magnitudes.
Note that antiferromagnetic links in this structure do
not form continuous lines along any axis. Thus, ferro
magnetic links are predominant. However, the pres
ence of competition between superexchange interac
tions does not allow such an unambiguous conclusion.
Optimization of the exchange contribution with
allowance for values of the superexchange parameters
(see Table 5) leads to an antiferromagnetic (A type)
structure.
4. RESULTS AND DISCUSSION
Calculations of the magnetic structure of bismuth
manganite performed in the vibronic interaction
model including linear contribution (3) from only the
nearest neighbors and superexchange with only the
nearest neighbors, led to a magnetic structure of the A
type. This structure does not coincide with the ferro
magnetic structure according to experimental data [7,
8], but it is possible to establish particular interactions
that must be taken into account in order to adequately
describe the experimental data.
Since the bismuth manganite crystal is strongly dis
torted, it is expedient to consider how the orbital
structure modified by additional contributions (4) and
(5) influences the exchange interaction. In other
words, it is necessary to elucidate whether small
changes in the orbital structure due to these contribu
tions can shift the competition of exchange interac
tions toward the predominant ferromagnetism. In
order to answer this, we have fitted the exchange inter
action constants (Vb, Ne, ) so that the orbital struc
ture would correspond to a “boundary” state, in which
the magnetic energy of the Atype structure would be
equal to that of the Ftype structure.
It has been found that this state is possible for the
following values of the interaction constants:
It is useful to compare these values to analogous
data for LaTiO3 [15]:
As can be seen, these values are of the same order of
magnitude. The value of Ne has no analog for compar
ison, but it is possible to estimate the value of Neρ/Ve ≈
0.25, which shows that this contribution is much
smaller than the main linear term. A rather insignifi
Ve
R
Vb 0.02 eV/Å
2
, Ve
R
– 0.40 eV/Å2,–= =
Ne 0.97 eV/Å
2
.–=
Vb 0.04 eV/Å
2
, Ve
R 0.16 eV/Å2.–= =
cant change in these constants makes a ferromagnetic
structure predominating over the antiferromagnetic
one. The values of interaction parameters for the
“boundary” orbital structure are given in Table 6.
The distribution of electron densities did not
change significantly as compared to that depicted in
Fig. 1. The pattern also qualitatively corresponds to
the Goodenough–Kanamori rules, but the quantita
tive balance of superexchange interactions shifted to
ferromagnetic ordering. Thus, we may conclude on
the significant effect of additional contributions (4)
and (5), which is especially important in frustrated
magnets.
As an alternative to the orbital mechanism, let us
consider the possible influence of the exchange inter
Table 5. Exchange interaction constants determined for
bismuth manganite in approximation of linear vibronic
interaction (Vb, Ne,  = 0) with nearestneighbor environ
ment (minus sign corresponds to ferromagnetic character of
exchange)
Mn3+ ion
(see Fig. 1)
Exchange with nearest neighbors
interaction 
with ion Jx, K Jy, K Jz, K
1
3 –11 –11 13
4 –13 13 –6
2
3 –11 –9 13
4 –13 13 –7
Ve
R
1 3 2 4
4 1 3 2
2 4 1 3
4 1 3 2
2 4 1 3
3 2 4 1
3 2 4 1
1 3 2 4
Fig. 2. Magnetic cell of BiMnO3. Ferromagnetic and anti
ferromagnetic links are depicted by solid and dashed lines,
respectively; numerals 1–4 indicate manganese ions with
different orbital states.
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action between nexttonearest magnetic neighbors
on the stabilization of ferromagnetic ordering. For this
effect to take place, it suffices to have a small value of
Jnnn ≈ –2 K. However, the change in the superex
change interaction constants due to refinement of the
orbital structure turns out to be rather large (from 1 to
6 K). The exchange interaction between nexttonear
est magnetic neighbors has also been studied in other
manganites [16], but it proved to have an antiferro
magnetic character. Therefore, this contribution must
be excluded from consideration.
In concluding, it should be noted that our investi
gation of the effect of orbital ordering on the magnetic
structure of bismuth manganite led to the conclusion
that nonlinear contributions and the contributions
due to nexttonearest neighbors in the Hamiltonian
of vibronic interaction play a significant role in the for
mation of ferromagnetic ordering in this crystal. This
influence is related to the presence of competition
between superexchange interactions. In lanthanum
manganite [11], where the antiferromagnetic (Atype)
structure is stable and unambiguous, a change in the
mixing angles of orbital functions by several degrees
can lead to a similar modification of the exchange
parameters, but the type of magnetic ordering will
remain unchanged.
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